In this work, graphene oxide/Co 3 O 4 nanocomposite was synthesized via hydrothermal decomposition of [Co(en) 3 ] (NO 3 ) 3 complex onto graphene oxide nanosheets. The as-prepared nanocomposite (denoted as GO/Co 3 O 4 ) was structurally characterized by Fourier transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), Raman spectroscopy, scanning electron microscopies (TEM and SEM), energy dispersive X-ray (EDX) spectroscopy, magnetic measurements, and N 2 adsorption-desorption analysis. The results demonstrated successful immobilization of Co 3 O 4 nanoparticles with an average diameter size of around 12.5 nm on the surface of graphene oxide nanosheets. The adsorption performance of GO/Co 3 O 4 nanocomposite was investigated towards different organic dyes in aqueous solutions. The results displayed that the adsorption rate of the GO/Co 3 O 4 nanocomposite was 98% for methylene blue (MB) in 12 min, and 66% and 45% for Rhodamine B (RhB) and methyl orange (MO) in 40 min, respectively. The effects of various important parameters including adsorbent dosage, contact time, pH, and temperature on the adsorption process were investigated in detail. The equilibrium adsorption data were better fitted by Langmuir isotherm. Adsorption kinetics is well-modeled using pseudo-second-order model. Different thermodynamic parameters indicated that the adsorption process was physisorption and spontaneous. The findings of the present work highlighted facile fabrication of GO/Co 3 O 4 and its application for rapid and efficient removal of MB from wastewater.
Introduction
Many chemical industries such as paper, plastics, cosmetics, leather, printing, food, textile, etc. use dyes for coloring their products and release the various types of dyes into water bodies which prevent the penetration of sunlight, retard the photosynthetic reactions, and affect aquatic life. [1] [2] [3] [4] Most dye molecules have aromatic rings in their structures, which make them highly toxic, non-biodegradable, carcinogenic, and mutagenic to both human being and aquatic life. 5 Hence, it is essential to remove or minimize dyes to permissible levels, without disturbing the quality of water to be able to use it in diverse industrial and agricultural applications. 6 A wide array of wastewater treatment techniques including membrane filtration, centrifugation, photodegradation, chemical coagulation, and adsorption have been developed for removing dyes from wastewater.
Among these technologies, adsorption is the most widely used method due to its versatility, wide applicability, and economic feasibility. 7 Activated carbon, clays, zeolites, polymeric materials, etc. have been applied to adsorb dyes from wastewater. However, these adsorbents suffer from either low adsorption capacities or separation problem. Hence, the adsorbent having both mentioned characteristics is immensely desired in both science and technology societies. 8 In material science research, a great deal of attention has been focused on graphene, a carbon allotrope with a two-dimensional sheet-like structure with many unique features such as high electrical conductivity, mechanical flexibility, chemical and thermal stability, high surface functionality, and large surface area. 7 Due to strong interplane interactions, graphene and its derivatives tend to aggregate in a layer-by-layer manner which, as a result, a significant part of their surface area is lost. The use of the Pourzare et al.: Graphene Oxide/Co3O4 Nanocomposite: ... dispersion of single-layered GO as an absorbent allows one to utilize the surface area to the utmost extent, but these GO sheets are difficult to collect from water. 9 This problem can be solved via chemical modification of graphene by the process of attaching organic groups or inorganic particles onto graphite oxide (GO) surfaces which can result not only in physical separation of the resultant functionalized graphene sheets but also in the possible formation of a stable dispersed phase of graphene in the synthesis process [10] [11] [12] and keep the surface area and pore volume at high levels which is required for applications such as adsorption processes and photocatalysis. 13 In recent years, various transition metal oxides nanoparticles such as Fe 2 16 The observed maximum adsorption capacity at 10 mg L -1 initial concentration was 71.54 mg g -1 . In another study, Fan et al. prepared a magnetic chitosan-GO (MCFO) nanocomposite through covalent bonding of chitosan to the surface of Fe 3 O 4 nanoparticles followed by covalent functionalization of GO with magnetic chitosan which acted as a good adsorbent to adsorb MB from aqueous solutions. 17 Yao et al. also fabricated Fe 3 O 4 /SiO 2 /GO nanocomposite through a covalent bonding technique and used it as an adsorbent for the removal of MB from aqueous solution. 18 Maximum MB adsorption capacities were 97, 102.6, and 111.1 mg g -1 at 25, 45, and 60 °C, respectively.
Spinel-type cobalt oxide (Co 3 O 4 ) is an important magnetic p-type semiconductor oxide and its synthesis and properties have attracted considerable attention owing to its prominent applications in heterogeneous catalysis, energy storage and conversion, sensors, devices, etc. [19] [20] [21] [22] [23] [24] [25] For this reason, various nanostructures of Co 3 O 4 such as nanoparticles, nanoplates, nanorods, nanotubes, nanodiscs, nanoflowers, nanocubes and hollow microspheres structures have been prepared by using different synthesis methods. [26] [27] [28] [29] [30] [31] [32] [33] To the best of our knowledge, the investigation of adsorption properties of GO/Co 3 O 4 nanocomposites has not been reported yet. In this study, we presented a solvothermal approach for the production of GO/Co 3 O 4 nanocomposite. The resulting products was characterized by FT-IR, XRD, Raman, FE-SEM, EDX, TEM, and VSM techniques and its adsorption properties in removing dye molecules from aqueous solutions were investigated.
Experimental

1. Materials
Methyl orange (C 14 H 14 N 3 NaO 3 S, MO), methylene blue (C 16 H 18 ClN 3 S, MB), Rhodamine B (C 28 H 31 ClN 2 O 3 , RhB), Cobalt (II)-chlorid hexahydrate, and all other materials and solvents were purchased from Merck chemical Co (Germany). All chemical materials were of analytical grade and were used as received without further purification.
Synthesis of Co 3 O 4 Nanoparticles
First, [Co(en) 3 ](NO 3 ) 3 complex was prepared via the simple reaction of an aqueous solution of [Co(en) 3 ]Cl 3 with concentrated nitric acid according to the reported method. 34 To prepare Co 3 O 4 nanoparticles, [Co(en) 3 ] (NO 3 ) 3 complex was decomposed at 250 °C for 1 h in an electric furnace under ambient air. The decomposition product was collected for characterization.
Synthesis of Graphene Oxide/Co 3 O 4 Nanocomposite (GO/Co 3 O 4 )
Graphene oxide (GO) was prepared by the oxidation of graphite powder under acidic conditions according to modified Hummers method using a mixture of H 2 SO 4 , NaNO 3 , and KMnO 4 . 35, 36 For the synthesis of GO/Co 3 O 4 nanocomposite, 50 mg GO was dispersed into 20 mL deionized water by sonication for 1 h to achieve a uniform dispersion of GO. 100 mg as-prepared Co 3 O 4 nanoparticles were dispersed in deionized water for 15 min and were gradually added into GO suspension. The mixture was sonicated for 30 min and transferred into an autoclave for hydrothermal treatment at 180 °C for 24 h. The resultant product was separated by centrifugation and washed with deionized water, and dried in an oven at 60 °C for 12 h.
4. Methods of Characterization
Fourier-transform infrared spectra were obtained on Shimadzu FT-IR 8400S (Japan) with temperature controlled high sensitivity detector (DLATGS detector) in the scan range of 500-4000 cm -1 using KBr pellet. The XRD patterns were obtained on a Rigaku D-max C III, X-ray diffractometer using Ni-filtered Cu Ka radiation (λ = 1.5406 Å) for phase determination samples. Optical absorption spectra of dyes were obtained on a Cary 100 UV-Vis spectrophotometer in the wavelength range of 200-800 nm. A vibrating sample magnetometer (VSM, Magnetic Daneshpajoh Kashan Co., Iran) was employed to measure magnetic parameter at room temperature. Particle size was ob-served by a transmission electron microscope (Philips CM120) at the accelerating voltage of 100 kV. SEM images were obtained on MIRA3 TESCAN Field Emission Scanning Electron Microscope equipped with Energy Dispersive X-ray (EDX) analyzer for the elemental analysis of the sample. N 2 adsorption-desorption measurements were performed at 77 K (Micromeritics Tristar ASAP 3000) using Brunauer-Emmett-Teller (BET) method.
5. Adsorption Tests
Adsorption experiments were performed by using 30 ml solution with known MB concentration and varying the amount of GO/Co 3 O 4 as the adsorbent from 10 to 30 mg in 40 min. The initial pH of MB solution was adjusted in the range of 4-12 by dropwise adding 0.1 mol/L NaOH or 0.1 mol/L HCl solutions. After adsorption was completed, the solution was separated from the precipitate by centrifugation at 5000 rpm for 5 min. The concentrations of the dye in the solutions after different time intervals were determined with a UV-visible spectrophotometer at the wavelength of 664 nm (λ max ). The amount of MB adsorbed onto GO/Co 3 O 4 nanocomposite (q t ) and its removal rate (R%) were calculated by the following equations:
where C 0 and C t (mg/L) are liquid-phase concentrations of dye at initial and at time t, respectively, V (L) is the volume of the solution and m (g) is the mass of the used adsorbent.
A 0 and A t are the absorbance of MB before and after the adsorption, respectively.
Results and Discussion
1. Characterization of the GO/Co 3 O 4 Nanocomposite
The FT-IR spectra of the samples are shown in Figure 1 . For the starting [Co(en) 3 ](NO 3 ) 3 complex, the characteristic stretching bands of NH 2 , CH 2 , NO 3 were appeared at about 3100-3400, 2951 and 1380 cm -1 , respectively. 37 As can be seen in the spectrum of Co 3 O 4 ( Figure  1(b) ), almost all bands associated with the complex obviously disappeared when the complex was decomposed at 250 °C and only two strong bands at 569 and 663 cm -1 were observed which confirmed the spinel structure of Co 3 O 4 . The former band was attributed to the stretching vibration mode of Co(III)-O and the latter band could be assigned to Co(II)-O bond. 38 The formation of Co 3 O 4 from the [Co(en) 3 ](NO 3 ) 3 complex can be related to the explosive decomposition of the complex via an intramolecular redox process occurring between the ethylenediamine (en) ligands and NO 3 ions as reducing and oxidiz- 
In FT-IR spectrum of GO (Figure 2 (c)) obvious characteristic peaks of GO could be seen, including C=O stretching vibrations of COOH groups (1726 cm -1 ), graphitic C=C stretching vibrations (1618 cm -1 ), O-H deformation vibrations of tertiary C-OH (1398 cm -1 ), C-O stretching vibrations of epoxy/alkoxy groups (1026 cm -1 ) and O-H stretching vibrations ( 3100-3700 cm -1 ). 39 However, as can be seen in Figure 2 (d), after hydrothermal treatment the band of C=O was disappeared and the intensity of O-H and C-O bands were decreased, which indicated the removal of oxygen-containing functional groups and reduction of GO. This finding confirms the formation of reduced graphene oxide (rGO) in the composite and the restoration of a graphitic structure in graphene. 40 Moreover, the two strong absorption peaks in the spectrum of GO/Co 3 O 4 at lower In order to further identify the chemical composition and structure of the prepared samples, powder X-ray diffraction (XRD) was conducted. Figure 2 . Moreover, no characteristic diffraction peaks for GO were observed in the pattern indicating that GO nanosheets were not stacked during the synthesis process. The reason can be attributed to the fact that Co 3 O 4 nanoparticles anchored on the surfaces of GO prevented the exfoliated GO nanosheets from restacking. However, a broad characteristic peak for graphene nanosheets at about 2θ = 23° appeared, suggesting that GO was reduced to graphene during the formation of the nanocomposite. The average domain size of Co 3 O 4 nanoparticles was calculated to be approximately 13 nm by the Scherrer formula: D XRD = 0.9λ/(β cos θ), where D XRD is average crystalline size; λ, β, and θ are wavelength of Cu Kα radiation, full width at half maximum of the diffraction peak, and Bragg angle, respectively. 41 nanoparticles. It can be clearly seen that the Co 3 O 4 nanoparticles were well deposited on GO which were a flexible interleaved structure. Some wrinkles are found on the surface, which may be important for preventing aggregation of GO and maintaining high surface area, which could be a great benefit to its adsorption ability. On the contrary with pure GO sheets, the surfaces of GO nanosheets in the nanocomposite were rough, and the edges were highly crumpled.
The morphologies and microstructures of the as-prepared Co 3 O 4 and GO/Co 3 O 4 samples were further Raman spectroscopy is a powerful tool to characterize significant structural changes of GO during the composite synthesis. Figure 3 presents the Raman spectra of GO and GO/Co 3 O 4 nanocomposite. According to the Raman spectrum of GO in Figure 3 (a), the obvious peaks at 1318 and 1584 cm −1 can be attributed to the disordered structure (D band, sp 3 carbon atoms of disorders and defects) and graphite structure (G band, sp 2 carbon atoms in graphitic sheets) of GO, respectively. 42 In the spectrum of GO/Co 3 O 4 , D and G peaks still exist, while other two obvious peaks at 477 and 683 cm -1 can be attributed to Further investigation was carried out by energy dispersive X-ray spectroscopy (EDX) to characterize the composition of the as-prepared GO/Co 3 O 4 nanocomposite as shown in Figure 6 . The presence of C, O and Co elements in the composites could be proven by the EDX elemental spectrum of GO/Co 3 O 4 . The inset of Figure 6 shows a representative SEM image of the nanocomposite with corresponding EDX elemental mappings. As presented in the inset of Figure 6 , the distribution of corresponding elemental mappings confirmed the existence of C, O, and Co. From the maps, it can be seen that the elements were uniformly distributed over the nanocomposite, confirming the homogeneity of the sample. The results further indicated that Co 3 O 4 nanocrystals had been successfully loaded on the surface of GO. Nitrogen adsorption experiments were used to evaluate the pore size and structure of samples. Figure 8 shows the nitrogen adsorption-desorption isotherms and the corresponding pore size distributions curves (the insets) for GO, Co 3 O 4 and GO/Co 3 O 4 samples. The isotherms in Figure 8 Table 1 , the materials were mesoporous. The BET surface area and pore volume of GO/Co 3 O 4 were higher than the values of GO. It can be concluded that the addition of Co 3 O 4 had a great effect on the structure of GO, greatly increasing the surface area and pore volume, which were all favorable factors for improving the adsorption performance. The magnetization curves of Co 3 O 4 and GO/Co 3 O 4 samples were measured at room temperature, as shown in Figure 7 . Obviously, the shape of magnetic hysteresis loop 
2. Adsorption Studies
The adsorption activity of GO/Co 3 O 4 was examined by dispersing composite powder (30 mg) into an aqueous solution (30 ml, 25 mg L -1 ) of organic dyes (MB, RhB, and MO), and the concentrations of the dye solutions were determined at given intervals by UV-vis absorption spectra. From Figure 9 , it can be clearly seen that GO/Co 3 O 4 had different adsorption abilities towards MB, RhB, and MO. The removal percentage of MB of up to 98% could be achieved in 12 min, while only 66% and 45% of RhB and MO were removed within 40 min. To better understand adsorption ability of the nanocomposite, MB was chosen as the removal target to study the adsorption performance in more detail, including adsorption kinetic parameters, adsorption isotherms, and thermodynamic parameters. Figure 10 shows the adsorption abilities of pure Co 3 O 4 and GO samples toward MB, RhB, and MO dyes under our reaction conditions. By using Co 3 O 4 alone, it is clear from Figure 10 (a)-(c) the decrease in intensities of characteristic UV-Vis absorption bands of these dyes is almost negligible within 40 min, indicating that it has no ability to adsorb dyes even after long contact times. Figure  10(d )-(f) shows that the GO sample has different adsorption ability towards the dyes. It can be seen that the intensity of the absorption bands of MB and RhB decreases with increasing contact time. The adsorption efficiencies of GO nansheets sample toward these two dyes are about 90% and 50%, respectively, albeit after long adsorption times of 40 min (Figure 10(d) and (e)). On the other hand, as can be seen in Figure 10 (f), the decrease in intensity of characteristic absorption band of MO dye is trace within 40 min. In Figure 10 MO dye is almost negligible at the same time. It is clear that with respect to the removal percentages and adsorption times, the GO/Co 3 O 4 nanocomposite is more suitable and superior. It is suggested that the well dispersed Co 3 O 4 nanoparticles on the graphene surface could act as spacers and thus prohibit the grapheme sheets to restack. This directly results in significant increase of the geometry surface area of graphene, which can be of great benefit to adsorption processes. This result is consistent with BET surface area data in Figure 8. Figure 11 shows the effect of GO/Co 3 O 4 adsorbent dosage on the removal of MB. It is obvious that the percentage of dye removed by the adsorbent increased during the initial stage due to the highest amount of available vacant surface sites and was then slow for all samples until a state of equilibrium was reached after 12 min. It is also observed in Figure 11 that the percentage of the adsorbed dye at equilibrium increased sharply from 43% to 98% with increasing adsorbent dosage from 10 to 30 mg that could be attributed to increase of contact area and availability of more adsorption sites.
Kinetic Studies and Effects of Contact Time
Meanwhile, to further investigate the adsorption behavior of GO/Co 3 O 4 , pseudo-second-order kinetics model was applied. The pseudo-second-order kinetic model is expressed by the following equation: t/q t = 1/k 2 q e 2 + t/q e (2) where k 2 is rate constant of the pseudo-second-order model (g mg -1 min -1 ), q e and q t (mg g -1 ) are the amounts of the dye adsorbed at equilibrium and at various times t (min), respectively. The values of k 2 and q e at different amount of adsorbent can be determined from the intercept and slope of plots of t/q t versus t (Figure 12) , respectively, and the results are given in Table 2 . It is observed that the experimental adsorption capacity (q e,exp : 24.63) value was close to the calculated adsorption capacity (q e,cal : 26.31). Also, large correlation coefficients (R 2 = 0.998) suggested that the adsorption kinetic followed the pseudo-second-order model. The values of q e,cal were increased from 26.31 to 38.46 mg g -1 , when the initial amount of adsorbent was decreased from 30 mg to 10 mg, due to the affinity for the adsorption surface sites at lower adsorbent concentration. The comparative removal efficiency of MB with different adsorbents in the aqueous medium is presented in Table 3 . It was observed that in term of removal efficiency (%) and contact time, GO/Co 3 O 4 nanocomposite was the most efficient adsorbent (98% adsorption of methylene blue) compared to other reported adsorbents. This may be Adsorbent q e,exp (mg g -1 ) k 2 (g mg -1 min -1 ) a q e,cal (mg g -1 ) R 2 dosage (mg) 30 24 due to the fact that, in the case of GO/Co 3 O 4 nanocomposite, the main driving force for adsorption was electrostatic forces of attraction between cationic MB molecules and negatively charged oxygen-containing surface groups along with π-π interaction between localized π electrons in the conjugated aromatic rings of the adsorbent and adsorbate which is comparatively stronger than π−π interaction, electrostatic attraction, van der Waals interaction, and hydrogen bonding alone. 43, 44 
4. Adsorption Isotherm
An adsorption isotherm declares the relationship between the mass of dye adsorbed at a given temperature under equilibrium conditions per unit mass of adsorbent (qe, mg g -1 ) and the liquid phase dye concentration (Ce, mg L -1 ). 45 In this study, to investigate the nature of electrostatic interaction of dye molecules with GO/Co 3 O 4 nanocomposite, Langmuir and Freundlich models were applied, in which the experiments were conducted by varying the amount of adsorbent from 10 to 25 mg at 25 °C while keeping the concentration of methylene blue solution constant (25 mg L -1 ). Langmuir adsorption model supposes that maximum adsorption occurs on a saturated monolayer of solute molecules and all adsorption sites on the ad-sorbent surface are homogeneous and is given by the following equation: 46 c e /q e = 1/k L q m + c e /q m (3) where k L is Langmuir adsorption constant, c e , q e , and q m , are MB concentration at equilibrium (mg L -1 ), the amount of MB adsorbed at equilibrium (mg g −1 ), and the maximum adsorption capacity (mg g -1 ), respectively. The values of q m and k L are computed from the slope and intercept of the linear plot of c e /q e versus c e . The separation factor (R L ) is used to evaluate the favorability adsorption on the adsorbent, which is defined by the following equation: 47
The parameter can show that the isotherm is irreversible (R L = 0), favorable (0 < R L < 1), linear (R L = 1) or unfavorable (R L > 1). In this work, the value of R L calculated for the initial concentrations of MB was 0.11, which illustrated that the adsorption of MB onto GO/Co 3 O 4 was favorable. Freundlich model is based on the assumption that the multilayer of the adsorption process occurs on a heterogeneous surface and is given by the following equation: 47 Figure 13 . Adsorption isotherm plots for the adsorption of MB onto GO/Co 3 O 4 nanocomposite: (a) Langmuir isotherm, (b) Freundlich isotherm. 
5. Effect of pH
The effect of pH on the adsorption process of dyes is important because industrial dyes are discharged in wastewaters at a pH different from the environmental pH. 48 In general, the solution pH can affect the surface charge of the adsorbent, the degree of ionization/ dissociation of dye molecules as well as dissociation of functional groups on the active sites of the adsorbent. 49, 50 Figure 14 shows the effect of initial solution pH on MB adsorption onto GO/ Co 3 O 4 . Both, the adsorption capacity and removal rate of MB became significant with increasing solution pH from 4 to 12. This phenomenon can be explained by the fact that at higher pH values, the surface of GO/Co 3 O 4 may become negatively charged, which can attract positively charged MB cations through electrostatic forces. A similar trend was observed for the adsorption of methylene blue onto magnetic cyclodextrin/graphene oxide, 15 or polydopamine microspheres, 47 magnetite-loaded multi-walled carbon nanotubes, 51 and magnetic graphene oxide. 52
6. Thermodynamic Parameters
Thermodynamic studies for the adsorption of MB onto GO/Co 3 O 4 were carried out at different temperatures. Thermodynamic parameters, namely, Gibbs free energy (ΔG°), enthalpy (ΔH°) and entropy (ΔS°) were calculated using following equations:
where K L (L/g) is Langmuir constant, R is universal gas constant (8.314 J mol -1 K) and T is absolute temperature (in Kelvin). Plotting lnK L versus 1/T gave a straight line with slope and intercept equal to -∆H°/R and ∆S°/R, respectively ( Figure 15 ). The positive value of ∆H° (Table 5 ) showed endothermic nature of adsorption process that it was in accordance with increasing adsorption capacity collaborated with the increase of temperature. The negative value of ∆G° for different temperatures showed the feasibility and spontaneous nature of adsorption. The activation energy, E a , was calculated by using Arrhenius equation: lnk = ln A -E a /RT (7) where k is pseudo-second-order rate constant, E a , A, R, and T are activation energy, Arrhenius factor, universal gas constant, and temperature in Kelvin, respectively. The linear plot of lnk against 1/T provided slope equal to -E a /R. The value of E a ranging from 5 to 40 kJ mol -1 are characteristic for physisorption while ranging from 40 to 800 kJ mol -1 indicates chemisorptions. 53 The activation energy for the adsorption of MB onto GO/Co 3 O 4 nanocomposite was found to be 7.37 kJ mol -1 , which indicated that the process was governed by physical adsorption.
that Co 3 O 4 nanoparticles were deposited onto GO nanosheets. Compared with Co 3 O 4 nanoparticles, GO/Co 3 O 4 nanocomposite showed weaker ferromagnetic behavior. The results revealed that GO/Co 3 O 4 nanocomposite demonstrated rapid uptake of cationic methylene blue (MB) and the adsorption process followed pseudo-second-order kinetic model as well as Langmuir isotherms. Rapid adsorption rate was mainly attributed to the electrostatic interaction of oppositely charged adsorbate−adsorbent species along with their π−π interaction. Thermodynamic parameters showed that the adsorption was spontaneous.
Recyclability tests indicated that GO/Co 3 O 4 nanocomposite could be recycled and utilized several times without losing adsorption capacity. 
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7. Recyclability of GO/Co 3 O 4 Nanocomposite
Recovery and regeneration ability of the adsorbent, that can reduce the cost of the treatment process, is crucial for its practical application. For this purpose, the used adsorbent was regenerated with ethanol solution, and the absorption-desorption cycle was repeated four times and the obtained results are shown in Figure 16 . In the first three cycles, the removal efficiencies were 98%, 95%, and 93%, respectively, and then remained at 90% at the fourth cycle. These results show that the adsorbent had the potential of reusability.
Conclusion
GO/Co 3 O 4 nanocomposite was synthesized successfully by a hydrothermal route. The results obtained from XRD, FTIR, FESEM, EDS, and TEM techniques showed
